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A high carrier mobility is an important parameter for graphenebased electronics. While the recent reports have shown impressive
results for individual micro-scale devices, scalable production of
high mobility graphene has been challenging. We here show that
centimeter-scale graphene devices with room temperature carrier
mobilities in excess of 10 000 cm2 V−1 s−1 can be achieved on
polyoleﬁnic substrates. Measurements on Paraﬁlm-supported graphene devices show, on average, a ﬁvefold-enhancement in mobility over traditional devices. We ﬁnd that a decreased chargedimpurity scattering is the origin of this behavior. Spectroscopic
characterization reveals oxygen-containing polymer residue as the
main source of such charged impurities. A comparison of diﬀerent
polyoleﬁns highlights the positive impact of oxygen-free polymers
as support materials for high mobility graphene devices. Finally,
moldable and wearable graphene devices for biosensors were
shown to be enabled by polyoleﬁnic substrates.

Introduction
Graphene-based electronics that exploit the unique characteristics of this two-dimensional carbon allotrope are expected to
enable novel applications such as high speed device amplifiers1 or exotic device concepts.2–4 Both the scientific research
and commercialization of such devices require the scalable
synthesis of graphene with consistent and high mobility.5
Macroscopic devices and wafer-scale arrays of devices,
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however, are yet to show uniform mobilities in excess of μ =
104 cm2 V−1 s−1.6
The origin of this low achievable carrier mobility is the
occurrence of charge puddles brought about by inhomogeneous charge transfer between graphene and commonly
used Si/SiO2 substrates.7 Significant research eﬀort has been
invested in finding alternative substrates that can limit the
impact of those charged scatterers. Graphene devices on
boron-nitride single crystals,8 for example, have yielded up to
10 fold improvement in the carrier mobility but the requirement for high quality BN crystals makes this approach not
scalable.
Polymeric supports could provide an alternative route for
enhancing the graphene mobility since their chemical structure could be tuned to minimize interaction with graphene.
Martins et al.9 investigated the eﬀect of various polymeric supports on the graphene quality but found no enhancement of
the graphene performance.
We here demonstrate that polyolefinic support films can
overcome both issues and significantly enhance the large-scale
mobility of graphene devices. We found that polyolefins will
induce less charged impurities than traditional support
materials which results in significantly improved mobilities.
Spectroscopic analysis reveals that the absence of oxygencontaining functional groups is a requirement for high mobility
graphene. Finally, polyolefinic layers can be employed as
mechanically stable and conformable substrates for wearable
sensors and flexible devices.

Experimental
Graphene was grown by CVD on electropolished copper foil
(99.8%, Alfa-Aesar, no. 13382) at 1000 °C for 30 minutes with
flow ratios of H2 : CH4 = 20 : 1 at a total pressure of 9 torr
following previous reports.10 Poly(methyl methacrylate, Microchem A9) (PMMA)-supported devices were produced by posi-
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tioning the floating PMMA/graphene structure from a water
bath onto a SiO2 wafer with buried electrodes. Polyolefin-supported devices were produced by placing the support on top of
graphene and heating the structure to 100 °C while applying
moderate pressures to ensure good contact. After cooling, the
polyolefin/graphene/copper stack was immersed in FeCl3
etchant to remove the copper. The polyolefin-supported graphene was then washed in deionized water and dried under a
stream of dry nitrogen. Electrical contact with the graphene
devices was made using Ag paint (Ted Pella, 16034). The sheet
resistance and Hall-eﬀect mobility were measured using a
4-point probe in van-der-Pauw geometry with a sample size of
1 × 1 cm2. Raman measurements were performed in a homebuilt micro-Raman system using a 532 nm laser excitation
source.

Results and discussion
Commercially available Parafilm M® (Bemis Company, Inc.)
was used as a support material for initial experiments. The
material is widely used in laboratories and consists of shortchain polyolefins.11 Hall-eﬀect measurements of graphene on
Parafilm reveal unusually higher carrier mobilities compared
to graphene on PMMA (Fig. 1(a)). While CVD-grown graphene
on the PMMA support exhibits average mobilities of μ =

Fig. 1 (a) Comparison of carrier mobility of graphene supported by
PMMA and Paraﬁlm, (b) relationship between carrier mobility and concentration for both support materials.
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929 cm2 V−1 s−1, similar to the reported values for graphene
on the SiO2 support,12 graphene on the Parafilm substrate
shows average mobilities of μ = 5595 cm2 V−1 s−1 with 10% of
the devices exceeding mobilities of μ = 10 000 cm2 V−1 s−1.
These values are even more impressive when considering that
they were obtained from macroscopic (1 × 1 cm2) films which
are expected to have much lower mobility compared to
micrometer scale devices due to the occurrence of grain
boundaries and handling-induced damage.
We attempt to elucidate the observed enhancement in
mobility by carrier concentration measurements. Fig. 1(b)
shows the extracted values for mobility and carrier concentration for devices on the Parafilm-support and on the PMMAsupport. The observed inverse proportionality indicates that
the mobility is high for Parafilm samples which show low
carrier concentrations and low for PMMA samples which
exhibit high carrier concentrations.
Such behavior is in agreement with predictions for transport in the presence of charged impurities: increasing impurity
concentrations enhance the carrier density through charge
transfer but deteriorate the carrier mobility by electrostatic
interactions. Previous reports found that these two eﬀects have
inverse dependences on the impurity concentration13 and thus
result in the observed trend. We can therefore conclude that
the decrease in charged impurities is causing the high mobility of graphene on Parafilm compared to other substrates.
Interestingly, the reduction in dopants seems to not aﬀect
their sample-to-sample variation and similar variabilities of
μ = 1012 cm−2 were observed and correlated with water adsorption on graphene (ESI Fig. S1†). While the impact of environmental contaminants is relatively small for graphene on
PMMA the low intrinsic scatterer concentration of graphene
on Parafilm is overwhelmed by those adsorbates which explain
the large scattering in the values of carrier mobility. Future
studies have to establish the limits of reduction in the device
variability and the maximum achievable carrier mobilities
under controlled-environmental conditions.
The performance of Parafilm-supported graphene is not
only superior to PMMA-supported graphene but also to graphene that was transferred onto SiO2/Si substrates which
exhibited mobilities of μ = 1094 cm2 V−1 s−1. We now attempt
to identify the origin of this behavior.
To elucidate whether the interaction with SiO2 deteriorates
the quality of graphene, we carried out graphene transfer
using Parafilm and PMMA. For this purpose, Parafilm was
removed by immersion in chloroform while transfer using
PMMA was conducted following established procedures.14
Fourier-transform infrared (FTIR) spectroscopy was conducted
before and after Parafilm removal (Fig. 2(a)). The absence of
the characteristic paraﬃn C–H stretching modes15 at
2956 cm−1, 2919 cm−1 and 2850 cm−1 in the latter spectrum
indicates the removal of Parafilm. This result is supported by
Raman spectroscopy (Fig. 2(b)). Here, the characteristic CH2
deformations16 around 1441 cm−1 and 2881 cm−1 are absent
after the removal of Parafilm. Finally, atomic force microscopy
demonstrates the low amounts of residue introduced after
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Fig. 2 (a) FTIR spectra before and after Paraﬁlm removal indicating suppression of C–H vibrations at 3000 cm−1, (b) Raman spectra before and
after Paraﬁlm removal with indication of suppressed Paraﬁlm Raman
peaks.

both transfer processes which could be further decreased in
the future by optimized transfer protocols (ESI Fig. S5†).
With the completeness of Parafilm removal established, we
turn to explaining the observed diﬀerence in charged impurity
concentration.
Electrical measurements after removal of the polymers
show a decrease in carrier concentration for graphene after
PMMA removal by 35%. Conversely, the removal of Parafilm
increases the carrier density of graphene by 32%. The diﬀerent
trends are also reflected in the carrier mobility with PMMAremoval increasing the mobility while Parafilm-removal
decreasing the mobility.
To elucidate the origin of this behavior, graphene after
PMMA and Parafilm removal was investigated by X-ray photoelectron spectroscopy (XPS). The carbon 1s peak of the Parafilm-removed graphene is significantly sharper than the PMMAremoved graphene (Fig. 3(a)). The deconvolution of the C 1s
peak reveals a 9-fold decrease in C–O bond concentration relative to the C–C bond concentration between graphene after
PMMA and Parafilm removal (ESI Fig. S1†). Furthermore, the
CvO to C–C bond ratio decreased from 17% for the PMMAremoved graphene to below the detection threshold for the
Parafilm-removed graphene.
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Fig. 3 (a) XPS spectra of graphene samples after PMMA and Paraﬁlm
transfer, (b) comparison of carrier concentration for various paraﬃn
waxes indicating a consistently smaller doping than PMMA samples.

The C–O bonds could originate from functional groups in
graphene17 or from the oxygen-containing polymer residue.18
Since XPS is not able to detect the diﬀerence between these
two oxygen sources, we turn to Raman spectroscopy. Due to
their diﬀerence in bonding geometry, functional groups in
direct contact with graphene will give rise to a Raman D-band
peak around 1350 cm−1.19 We find that graphene after the
PMMA removal exhibits comparable D-band intensities to graphene after the Parafilm removal (ESI Fig. S2†). Consequently,
the C–O bonds are thought to originate from the polymer
residue. This finding can also explain the here reported
changes in graphene’s carrier concentration after the polymerremoval. While the removal of PMMA causes a decrease in
oxygen-containing residue and carrier concentration, Parafilm
does not contain oxygen and its removal exposes graphene to
the environment, thus increasing the concentration of
scatterers.
Based on these findings, we identify the defining property
that makes Parafilm a superior support as the absence of
oxygen-containing groups in its structure. Based on this
hypothesis, other polymers which share this characteristic
should result in graphene with lower impurity concentrations
than the PMMA-transferred graphene.
We investigate graphene transfer using a multitude of
diﬀerent polyolefins to prove this point. Paraﬃn waxes are a
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by-product of oil refining that contain mixtures of shortchained alkenes and are characterized by their melting points.
Despite their low purity and significant diﬀerences in structure, transfer with the investigated paraﬃn waxes causes 50%
to 75% lower carrier concentration than the PMMA-transferred
graphene (Fig. 3b). The presented results suggest the use of
polyolefins for high quality transfer for future graphene applications such as high speed transistors (ESI Fig. S3†).
In addition to the enhanced performance, polyolefin-supported graphene devices exhibit other attractive features. Due
to its flexibility, mechanical strength, and plastic deformability, the substrate lends itself to the production of wearable
and moldable graphene devices.
To illustrate this point, we fabricated a simple and largescale graphene device on Parafilm. A flexible connector was
employed to make contact between a source meter and two
silver electrodes at the corners of the device (inset of Fig. 4(a)).
We measured the resistance of the Parafilm-supported graphene device before and after molding it onto skin (Fig. 4(a)).
The current–voltage diagram in Fig. 4(a) shows that the attachment procedure has not damaged the graphene device. Furthermore, a change in conductivity indicates an interaction of
the graphene device with the skin. Further experiments will
have to elucidate the sensing mechanism.20 Fig. 4(b) shows
the current change upon repeated contact of the device with
the skin and a fast and repeatable conductance change is
observable.

Nanoscale

The presented low impurity concentration and mechanical
stability in combination with the established biocompatibility
of polyolefinic support layers21 make our approach ideally
suited for graphene-based wearable and even implantable
sensors.22

Conclusions
In conclusion, we have demonstrated the potential of using
polyolefins for graphene transfer. A significant reduction in
impurity concentration leads to enhanced carrier transport
and unprecedentedly high large-scale film mobilities in excess
of μ = 10 000 cm2 V−1 s−1. Spectroscopic characterization
reveals that the absence of oxygen-containing residues is the
origin of this eﬀect. We therefore recommend the use of polyolefins as a promising approach for supporting or transferring
high-speed graphene devices.
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